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ABSTRACT

A study program was conducted to determine the ractors that mvst
be qonsidered in tho development of contactless switching devices and
assemblies for p•eQnrming the functions presently accomplished by conven-
tional electromechanjoal switching devices. Problem areas and semicon-
ductor characteristoam are discussed in light of aircraft electrical
system requirements so that design criteria can be established.

A chart comparing characteristics of typical electromechanicel
switching components to the contactless switching concept is presented,

Conclusions are offered concerning the factors to be considerqd
in the development of contactless switching devices and assemblies to be
comptible with present and anticipated aircraft electrical system requiro-
monts. These factors are discussed for devices and assemblies which will
perform the functions of relays, circuit breakers and switches; including
switching and control of the primary bus.
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PART I

1. Purpose

The basic purpose of the Contactless Switching Investigation Program
is to determine the feasibility of developing a highly reliable and
easily maintained aircraft electrical system, utilizing contactless switch-
ing techniques. The program consists of three phases: Phase I - Investi-
gation of Contactless Switching Concepts with Reference to Aircraft
Systems Requirements; Phase II - Investigation of Available Contactless
Switching Concepts Within the Ranges Required for Switching and Control of
Electric Power; and Phase III - Investigation of the Feasibility of
Developing New or Improved Contactless Switching Concepts Meeting Aircraft
Requirements. This report covers only the Phase I effort. Other Phase
reports will cover the work performed during respective phases of the
program.

The prime objective during Phase I of the Contactless Switching
Program was to conduct an investigative engineering study of contactless
switching concepts with reference to aircraft electrical systems require-
merts. The object of this investigation was to define, insofar as
practicable, all the factors to be considered in the development of
contactless switching devices and assemiblies for performing the functions
presently accomplished by such conventional electromechanical switching
and control devices as relays, switches, and circuit breakers; including
switching and protection of the priiiary bus. The basic aims were to
determine the compatibili.ty of contactless switching and protective
concepts with existing and anticipated aircraft electrical systems
requirements by considering application techniques which would enable the
basic functions to be integrated into a switching control matrix capable
of being operated frowi low level signals transmitted over small wires.

The investigations and studies included the following:

a. Review of the F8U-2 (F-8C) schematic, applicable military specifi-
cations and characteristics of utilization components todetermine and establish electrical system requirements.

b. Review of the characteristics of existing semiconductor devices
and assemblies to determine applications and compatibility of
contactless switching and protective concepts.

c. Analysis and evaluation of accumulated information to establish
all the factors that must be considered in the development of
contactless switching and protective devices and assemblies to
meet aircraft electrical system requirements.



2. Detail Factual Data

a. Aircraft Electrical S~rstems Requirements

Investigations were conducted to establish the basic requirements of
aircraft electrical systems, considering the present and future requirements
of applicable military specifications and aircraft design practices. The air-
craft electrical system was divided into four areas for the investigations:
generation, distribution, utilization, auid control.

(1) Generation

In order to establish compatibility between aircraft electric
power generating systems and the contactless swtiching system, it is necessary
that the characteristics of the generating system and associated regulating
equipment designed to military specifications be investigated to establish the
extreme limits to which the contactless switching system will be subjected.
This investigation considered all sources of electric power supplied to the
system.

(a) AC Power

The AC power generating system designed to MIL-STD-70 spec-
ification is a 3-phase 4-wire "Y" system with a nominal voltage of 115/200
volts. The neutral is connected to the primary aircraft structure and is con-
sidered as the fourth wire. The line-to-neutral voltage transients that can
be imposed on the system are shown in Figure 1. The voltage transients, when
converted to their step function loci are within the limits bound by curves 2
and 3 for noral operation and curves I and 4 for abnormal operation. Normal
operation, as defined by MIL-STD-704, occurs at any given instant and any
number of times during flight preparation, takecff) airborne conditions, landing
and anchoring. Examples of such operations are switching of loads, engine
speed changes, bus switching and synchronization, and paralleling of electric
power sources. Abnormal operation is an unexpected momentary loss of control
of the system. This operation occurs possibly once during a flight or it may
never occur during the life of the vehicle. An example of abnormal operation
is the occurrence of a fault on the system and its subsequent clearing by a
fault protective device. The line-to-line AC voltage transients that can be
imposed on a system by the generation and regulation equipment are shown in
Figure 2. The voltage transients, when converted to their step function loci
are w-ithin the limits bound by curves 2 and 3 for normal operation and curves
1 and 4 for abnormal operation. The phase displacement between adjacent
phases is 120 ±_1.5 0. Maximum phase unbalance is 3 volts between phases of the
highest and lowest voltage. The wave form of line-to-neutral and line-to-line
sources has a crest factor of 1.41 ± 0.1 and a total harmonic content of 4 per
cent of the fundamental (rms) with linear loads and 5 per cent with non-linear
loadss. The steady-state voltage limits for the AC system shall be within the
limits shown in Table I. Emergency system operation is defined as that con-
dition of the electric system during flight when the primary electric source
becomes unable to supply sufficient or proper power, thus, requiring the use
of a limited independent alternate source of power. Utilization equipment
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TABLE I STEADY-STATE AC VOLSAGE LIMITS

Mode of Single-phase limits Average of 3 phases
Operation limits

Normal Emergency Normal Emergency

CATEGORY "A" 109.5-119.5 107-122 110.5-117.5 108-120

CATEGORY "B" 107.5-119.5 105-122 108.5--17.5 106-120

CATEGORY "C" 103.5-119.5 101-122 104.5-117.5 102-120

TABLE II STEADY-STATE DC VOLTAGE LIITS

Start Takeoff
Category Warmup Climb Landing Emergency

Cruise-combat

"A" 21.5-29 25.5-28.5 21.5-28.5 17.5-29

"B" 21-29 25,.28.5 21,28.5 17-29

"C" 20-29 24-28.5 20-28.5 16-29

TABLE III SYSTEM VOLTAGES AND ALLOWABLE VOIPAGE DROPS

MAXIMUM ALLOWABLE VOWAGE DROP
NOMINAL SYSTEM OPERATING CONDITIONS

VOLTA3E CONTIMDUS INTERMITTE

28 1 2

115 4 8

200 7 14

5



categories are explained under the utilization section. The AC power genera-
tion and regulation system has a steady-state frequency of 400 ±20 cps.
Frequency transients are contained within limits 2 and 3 for normal operations
and within limits 1 and 4 for abnormal operations as shown in Figure 3.

(b) DC Power

The DC power system is a 2-wire grounded system having a
nominal voltage of 28 volts. The negative terminal of the power generation
source is connected to the primary aircraft structure which is considered as
the second wire. The DC voltage tmnsients are contained within the limits
shown in Figure 4. The voltage transients, when converted to their step
function loci are within the limits bound by curves 2 and 3 for normal opera-
tion and curves 1 and 4 for abnormal operation. The steady-state limits shall
be within the limits shown in Table II.

(2) Distribution

The aircraft electrical power distribution system consists of
control devices, protective devices and wiring for the interconnection of
electric power and utilization equipment. The wiring and associated control
and protective devices shall be such that a safe and reliable distribution
system will be provided. The total impedance of the wiring and ground paths,
including control and circuit protection accessories, shall be such that the
voltage drop between the point of regulated voltage and the utilization equip-
ment does not exceed the limits shown in Table III. The power distribution
system will be subjected to varying voltages depending on the operating condi-
tions of the generating and regulating system. When the distribution system
is supplying power to single phase AC loads, the wiring and control accessories
will be subjected to 115 volts rms, during steady-state normal operating condi-
tions and 190 volts rms during transient abnormal operating conditions. The
three-phase distribution system is subjected to 200 volts rum line-to-line
during steady-state normal conditions and to 330 volts rms during transient
abnormal operating conditions. Wiring and control devices used for bus
switching in the power distribution system are subjected to higher voltages.
When switching AC power to a common bus from two generating sources, the wire
and control devices can be subjected to voltages of 380 volts rms during a
transient abnormal operating condition if the voltage from the two sources are
1800 out of phase. The DC power distribution system is subjected to voltages
of 28 volts during normal steady-state operating conditions and to 80 volts
during transient abnormal operating conditions. When switching power to a
common DC bus, the system will be subjected to a maximum of 80 volts; however,
the control devices must be able to withstand the voltage in both the forward
and reverse direction.

As previously stated, the distribution system must be safe as
well as reliable. During a fault condition, power must be interrupted in
any feeder exhibiting a fault condition. This interruption of power shall not
cause an unsafe condition although the performance of the equipment connected
to the feeder may be lost.

6
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Power interruption devices presently consist of two general types;
fusable links and electromechanical circuit breakers both of which are widely
used. Circuit breakers have the requirement of being manually reset with trip
free characteristics.

The electrical current requirements that must be supplied to loads
in a typical aircraft electrical system, as determined from the model F8U-2
schematic are shown in Figure 5. The loads receive power from buses having
various priorities such as emergency, primary and secondary. Each of these
buses is supplied power from one or more sources. The bus switching control
devices must remo-e one source from the bus before any other source is applied
to prevent damage to the generating sources.

In order to insure satisfactory operation in aircraft, the com-
ponents used in the distribution and control systems shall be subjected to
environmental testing as specified in MIL-E-5272. These tests include:

(a) High temperature per procedure I at the specified temperature

up to 125 *C.

(b) Low temperature per procedure I. (-54 0C)

(c) Vibration per procedure XII which requires cycling between
5 and 500 cps at an acceleration of ±10g.

(d) Acceleration per procedure III. The acceleration force shall
be 14g in each direction along each of its three axes.

(e) Humidity tests per procedure I which requires a relative
humidity of 95 per cent at the specified temperature.

(f) Salt spray test per procedure I which is in accordance with
Federal Test Method Standard No. 151, Method 811.

(g) Altitude per procedure VI which specifiea normal operations

to altitudes of 100,000 feet at -54aC.

(h) Fungus tests per procedure I.

Relays used for controlling power in the distribution system must
have snap action operation "ON" and "OFF" in accordance with the level of the
actuating signal. Circuit breakers and switching devices must have snap ac-
tion operation "ON" and "OFF" in accordance with the manual force required for
actuation. Electrical isolation must exist between the actuating circuit and
contact circuits in relay type controls. The open circuit resistance shall
exceed 100 megohms of resistance. The contact drop shall not exceed 200 mil-
livolts at rated current. Contact bounce shall not exceed limits as required
for specified devices which generally should be less than one millisecond.
Typical values are in the neighborhood of 25/. sec. Relay type devices shall

9
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be capable of withstanding 1,000 % rated load for 200 milliseconds. Circuit

breakers shall trip at overloads of 600% after one second at 25'C.

(3) Utilization

The utilization equipment power requirements were investigated
to determine the power characteristics required for the equipments to function
properly. The types of utilization equipment used in aircraft are of three
categories, all giving specified performance when supplied with power having
characteristics previously described. Category "A" equipment requires the
power to be supplied through a distribution system with a maximum drop of 2
volts AC and 1/2 volt DC. The use of this equipment is limited. Category
"B" equipment requires the power to be supplied through a distribution system
with a maximum drop of 4 volts AC and 1 volt DC. This is the standard equip-
ment used. Category "C" equipment is intermittently operated and requires a
distribution system with a maximum drop of 8 volts AC and 2 volts DC. During
normal operating conditions of the generating system, the utilization equip-
ment must provide ioo% performance, remain safe, and automatically recover to
100% performance and be unaffected in reliability when degraded performance
is permitted during specific applications. During an abnormal electric system
operation, the equipment need not meet performance requirements, must remain
safe, may have momentary loss of function, and recover automatically to spec-
ified performance with negligible effect on reliability with the return of the
electric system to normal operation. For all AC loads requiring more than 500
VA, 3-phase power will be used. Although it is desirable to have equipment
utilizing AC power to present near unity power factor, the power factor on the
worst phase can fall to the limits shown in Figure 6. The type of loads used
in aircraft systems will include resistive, capacitive, inductive, lamp, and
motor loads. Some of these loads have high inrush currents (up to 15 times
normal rated current). While it would be desirable to limit the inrush cur-
rent on such loads as heaters and lamps to achieve longer life, it is also
a requirement to ELIlow higher inrush currents on loads such as motors and
solenoids to provide high starting torques. Some of the loads require power
switching while others require ground !witching.

(4) control

Conventional electrical system specifications have no system re-
quirements established for control per se, although specification requirements
do exist for the individual components which together make up the control sys-
tem. Toggle switches of one description or another provide the source of
initiating signal from the pilot to actuate relays or to power loads, and relays
perform the control logic function. The requirements for these conventional
components are determined by the characteristics of the generated power and
utilization loads. In the contactless system, the control components are only
required to provide the necessary "ON" or "OFF" signal level to the power con-
tact and remain totally isolated from the characteristics of the generated
power and the utilization load power requirements. Since the nature of con-
tactless switching is different from electromechanical switching, it is nec-
essary to establish new design criteria to take advantage of the desirable

11
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characteristics of semiconductors while retaining the desirable characteristics
of electromechanical devices. Therefore, the investigation of electro-
mechanical devices is undertaken to establish basic system requirements and
thus provide a "yard stick" by which the requirements for contactless
switching may be determined.

13



b. Contactless Switching Concept Requirements

Investigations were conducted to establish the basic requirements
that should be imposed on future contactless switching concepts for applica-
tion to aircraft electrical systems. These requirements are based on the
present and anticipated requirements of aircraft electrical systems utilizing
conventiona.. techniques along with consideratitns for the additional capabili-
ties and limitations of contactless switching techniques.

A basic system philosophy was assumed for the purpose of determining
contactless switching c~ncept requirements in light of aircraft electrical
systems requirements. This basic philosophy has c.nsiderable possibility
for simplification and functional integration of aircraft electrical systems.
The philosophy assumed provides an electrical system which consists of three
functinal areas as shown in Figure 7. The signal source (analogous to a
switch) transforms mechanical motion into an electrical signal. The cvnrrl
logic acuepts the c.mznnd signals froa the signal sources and deiivers a con-
troi signal tu the desired power contact. The power cuntact cintrols the
power t- the utilization equipment. The area in which most of the existing
electrical systems requirements are applicable is the pýwer cuntacG. Due to
the variation in requirements between bus switching and prvtection, and load
switching and protection, these areas will be discussed separately. Conversely
due t- the dependnce of signal sources and cintruv. l..gic upon each otner, these
areas will be discussed together under the heading of c.ntr.l. Since the sig-
nal sourues and c~ntr-l logiL in the contactless switching system are not sub-
jected t 4the same electric power characteristics as the power contacts, the
existing established requirements imposed on the signal sources and logic are
only those of an cnvironuaental nature.

(1) Bus Switching nnd Protection

The requirements established for the bus switching and protection
system as characterized by the established basic philosophy shown in Figure 7
are discussed within the general areas of environment, performance and electri-
cal characteristics. These requirements were established to determine compat-
ibility of the contactless switching system with the aircraft electric system
designed to specification MIL-STD-704 and airborne utilization equipment. Since
circuit protection will be incorporated into the load switching power contacts,
additional bus protection will not be required. The degree of bus protection
obtained with the contactless switching concept will exceed present protection
obtained with conventional power contaectors and circuit breakers.

(a) Environment

The environmental requirements established for bus switching
and protection are as follows:

1. High temperature - power contacts used in the bus switch-
ing system shall operate normally when subjected to the
high temperature test per procedure II of specification
1.[L-E-527q2 except the temperature shall be +85eC.
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2. Low temperature - power contacts shall operate normally
when subject to a low temperature test per procedure I
of specification 14IL-E-5272 (-5 C)

3. Shock - The power contacts shall operate normally when
subjected to a shock test per procedure I of specifica-
tion MIL-E-5272. The power contact shall show no evi-
dence of physical damage or contact ringing when subjected
to a shock of 150 g's with a shock impulse of 11 milli-
seconds tn each of its three axes.

4. Vibration - the power contacts shall be subjected to a
vibration test per Standard MIL-STD-202 test condition
D. The contact shall be subjected to 30 g's between the
frequency range of 10 and 2000 cps in 20 minutes. The
power contact shall have no intermittent operation or
contact A.inging during this test.

5. Acceleration - The power contacts shall be subjected to
an acceleration test per procedure III of specification
MIL-E-5272 except the acceleration shall be 100 g's.
There shall be no evidence of intermittent operation or
ringing of contacts.

6. Salt spray - The power coi.tact shall be subjected to a
salt spray test in accordance with Standard MIL-STD-202
test condition A with no evidence of corrosion on the
device.

7. Moisture resistance - the power contact shall be subjected
to a moisture resistance test in accordance with Method
106 of Standard MIL-STD-202 with no resulting deterioration
of electrical characteristics.

8. Humidity (steady state) - the power contact shall be sub-
jected to a humidity test in accordance with Method 103
of Standard MIL-STD-202 test condition A with no result-
ing deterioration of electrical characteristics.

9. Immersion - the power contact shall be subjected to an
immersion test per Method 104 test condition A of Stan-
dard MIL-STD-202 to determine the effectiveness of the
sealing. No deterioration in electrical characteristics
shall be evident during or after the tests.

10. Altitude - the power contact shall operate normally when
subjected to a barometric pressure test in accordance
with Method 105 test condition D (100,000 ft) of Standard
MIL-STD-202.

16



(b) Performance

The following performance rejuiretuents are established
for bus switching power contacts:

1. Actuate with snap action "ON"t and "OFF" in accord-
ance with the level of the actuating signal.

2. Perform the desired functions at rated current
and voltage for a minimum of 1,000,000 operating
cycles during 10,000 hours life test with no
degradation in performance.

(c) Electrical

The electrical characteristics requirements for power
contacts in the bus switching and protection system are as follows:

1. Voltage rating - power contacts shall withstand a
voltage of 600 volts in the forward and reverse
directions for AC bus switching and a voltage of
100 volts in the forward and reverse directions
for DC bus switching.

2. Contact drop - with the power contact carrying
currents between one and 100 percent rated current,
the voltage drop across the contact shall not exceed
1.0 volt.

3. Leakage current - the leakage current shall not ex-
ceed 3.0 ailliamps at rated voltage and temperature.

4. Overload - the power contact shall withstand an
overload of 600 percent rated current at rated
voltage for 200 milliseconds with no detrimental
effects to the device. The contact shall withstand
the overload at a switching rate up to 20 cycles
per minute for a 50 percent duty cycle provided the
"ON' time does not exceed 200 milliseconds.

5. Surge - tiB power contact shall withstand a surge
curreiit of 15 tLmes rated current for 50 milliseconds.

6. Pick-up voltage - the power contact shall assume a
conducting state when a DC potential equal to or
greater than two volts is applied to the device.

17



7. Dropout voltage - the power contact shall assume a non-
conducting state when a DC potential equal to or less
than 1.0 volt is applied to the device.

8. Control current - the control current shall not exceed
50 microamperes at rated voltage.

9. Contact bounce - there shall be no contact ringing when
switching from conducting to non-conducting state or
vice-versa.

10. Radio noise - the power contact shall not create elec-
trical interference beyond the limits specified in spec-
ification MIL-I-6181.

11. Efficiency - the operating efficiency of the bus switch-
ing system shall be 95 percent minimum during normal
operations.

(2) load Switching and Protection

The requirements established for the load switching and protec-
tion system as characterized by the established basic design philosophy shown
in Figure 7 will be similar to the requirements established for the bus switch-
ing and protection system. Only where the requirements differ will new require-
ments be established.

(a) Environment - same as bus switching and protection power con-
tracts.

(b) Performance

The bus switching and protection requirements are applicable
plus the following requirements are established:

1. The power contact shall perform the function of circuit
protection as well as power control.

2. The power contact shall assume its non-conducting state
"-then operating into a fault condition.

3. The power contact shall be capable of being reset remote-
ly.

4. The power contact shall assume an "open" condition upon
failure of the device.

(c) Electrical

The following electrical characteristics are established for
load switching and protection:

18



1. Voltage rating - the power contacts shall withstand a
forward and reverse voltage rating of 300 volts for single
phase AC loads and 500 volts for three phase AC loads.
The device shall have a forward voltage rating of 100
volts for DC loads.

2. Contact drop - same as bus switching.

3. Leakage Current - same as bus switching.

4. Overload - the power contact shall withstand an overload
condition of 600 percent for 50 milliseconds and 200 per-
cent for 200 milliseconds.

5. Surge - the power contact shall withstand a surge current
Sof 10 times rated current for 10 milliseconds.

6. Pick-up voltage - same as bus switching.

'7. Drop-out voltage - same as bus switching.

8. Control current - same as bus switching.

9. Radio noise - saxime as bus switching.

10. Efficiency - same as bus switching.

11. Trip current - The load switching power contact shall
interrupt a 300 percent overload between 40 and 100 mil-
liseconds. An overload in excess of 1,000 percent shall
be interrupted within 10 milliseconds.

12. Reset-voltage - the power contact shall assume its con-
ducting state when a reset voltage of equal to or greater
than 2.0 volt is applied to the device.

13. Reset current - the reset current shall not exceed 50
microamperes at rated voltage.

(3) Control

Power is delivered from the power source to the utilization loads
through power contacts in the contactless switching approach. The contacts are
controlled "OW or "OFF" by a control system consisting of signal sources and
control logic. Since the contactless control system is not required to provide

or transmit power with the same characteristics as the load power, the concept
requirements for the control system may be considered separately from the con-
cept requirements for the power contacts. This separation permits complete
freedom in selecting performance and electrical ch.racteristics of the control



system, except for the output signal to the power contact. The two elements
of the control system are however somewhat interdependent, and therefore their
concept requirements will be similar.

(a) Signal Sources

Signal source components are synonymous in purpose to
mechanical toggle or micro-switches. The requirementa for these are noted
as follows:

1. Environment

Same as paragraph 2.b.(l)(a) except as noted.

Shock - 50 g's

Acceleration - 50 g's

P. Performance

a. Transduce mechanical motion into an electrical out-
put signal.

b. Provide, in the case of pilot actuated signal sources,
a visual indication of the signal source condition of
"(I" or "OFF" and also, adequate human engineering to
facilitate pilot manipulation.

c. Produce a continuous signal output or continuous signal
absence for steady-state signal requirements.

d. Produce a short duration single output (pulse) or short
duration single absence (pulse) for momentary signal
requirements.

e. Produce a clean snap action step change in output
signal level.

f. Provide a memory such that subsequent applications of
power to a de-energized system will produce the same
electrical response that existed before the system
was de-energized.

3. Electrical

a. Provide a suitable signal characteristic to succeed-
ing stages of the electrical system, i.e. the control
logic or power contact.

20



b. Maintain the selected state of "O0' or "OFF" signal
level independent of outside influences such as sig-
nal noise, temperature, shock, vibration, etc.,
incident within the flight vehicle.

The signal source elemients have no precedent characteristics
defining the manner in which, the foregoing concept requirements will be met.
It is therefore necessary that their detail characteristics such as supply vol-
tages, signal levels, frequency responses and circuit configurations be evolved
and tailored during the Phase II design study to meet the compatibility require-
ments of the associated contactless electrical system components.

(b) Control Logic

Control logic devices are synouyuous in purpose with the ma-
jority of electromechanical relays used in typical aircraft in that they will
receive the control impulses from the signal sources and determine by the
t natdoaWal presence or absence of received signals what power contact is to
be actuated. The concept requirements for the control logic are noted as fol-
lows:

1. Environment

See paragraph 2 b. (1) (a)

2. Performance

a. Interpret the individual or combinational signals
received froii the signal sources and provide a steady
output 'ON" or "OFF" signal level to the power con-
tacts.

b. Transmit faithfully the momentary or pulse inputs
from the signal sources to the power contacts.

c. Provide a latching or lockup capability with or with-
out a timed operation where required by the dictates
of the functional utilization load.

3. Electrical

a. Provide a suitable signal characteristic to the
succeeding stages of the electrical system, i.e.,
the power contacts.

b. Maintain the selected state of "ON" or "OFF" signal
level independently of outside influences such as
signal noise, temperature, shock, vibration, etc.,
incident within the flight vehicle.
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In addition to the foregoing system concept requirements,
the individual logic elements are presently constructed to existing Mianufac-
turer or military specification requirements which are primarily intended for
computer and electronic system applications. These requirements principally
concern the supply voltages, signal levels, frequency responses and circuit
configuratLorns; and although every effort will be made to utilize these exist-
ing performance characteristics, the suitability of these requirements will be
determined during the Phase II and Phase III studies.

J,)



c. Device Characteristics and Compatibilita with Established Requirements

Investigations were conducted to determine contactless switching
device characteristics and to establish their compatibility with the contact-
less switching concepts. Numerous devices were investigated, but only devices
exhibiting characteristics compatible with the established requiraeents are
presented. In agreement with the basic system philosophy, all devices were
considered in one of the following applications: signal sources, control
logic, and power contacts. The following discussions compare the various
device characteristics with the established concept requirements. Information
supplementing these discussions is presented in the report appendices as
follows:

Appendix A - Semiconductor Voltage Ratings for Contactless Switching
Applications - Power Contact

Appendix B - Semiconductor Thermal Ratings for Contactless Switching
Applications - Power Contact

Appendix C - Compatibility Chart for Electromechanical Components vs.
Contactless Switching Concepts

Appendix D - Device Characteristics Charts for Signal Sources, Control
Logic, and Power Contacts

(i) Signal Sources

The development of a contactless signal source to replace
mechanical toggle or micro-switches can be affected through the application
of any of the following devices: strain sensitive, piezoelectric, photo
sensitive, and variable coupling. These devices all have the common capa-
bility of converting mechanical displacement into an electrical sigmal.
Appendix D presents the applicable devices and their characteristics in
tabular form. Rigorous treatises concerning the principles involved with
each device are available in other writings and generally well known; there-
fore, a detail discussion will not be included. The mechanical design
problem involving a hunan factcrs engineering effort is not within the
scope of this study; but it is pertinent to note that although this task
should not be taken lightly, the problems involved are not considered to be
of serious concern. The very principles of operation will necessitate a
rather strict control of the mechanical actuator due to the severe constraint
imposed by the mechanical environment. What is important to this effort is
how the signal characteristics of these devices may be made coupatible with
the input requirements of the adjacent electrical system contactless devices
and how the aircraft environment would affect these characteristics.
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(a) Strain Sensitive Devices

Strain sensitive devices provide an output signal level
which is proportional to applied mechanical deformation; thus by causing these
devices to be stretched or compressed, a signal level change is obtained.
The desired snap-action operation can be provided by a mechanical design
similar to that used in a micro-switch, i.e. mount the strain device on
a ribbon of metal which would snap from one extreme position to the opposite
when actuated. Another approach would be to use a tunnel diode to sense the
output signal. Thus, as the signal voltage level changes as a result of
strain and approaches the knee of the diode characteristic curve, the diode
would snap from a low conduction state to the high conduction state and vice
versa.

Strain devices, being resistive elements, change with
temperature variation, which tends to blanket the desired signal level
change. The problem is overcome by utilizing the device in a wheatstone
bridge circuit. This requires a minimau of two devices for each signal
source, but since the bridge operates on a ratio principle, a change in
temperature causes a proportional change in both devices with no change
in ratio; yet, a strain applied to a single device would alter the bridge
ratio, thus providing the desired signal change.

This device has a low signal power capability and therefore
requires amplification. An attempt to draw a sufficient quantity of power
directly would heat the device to such an extent that temperature would
again become a problem. Other than the possibility that some electrical
filtering circuitry may be required to reject spurious signals caused by
mechanical vibration, depending upon the adequacy of mechanical design, no
other factors would prevent the use of this device for a signal source. The
adjustment of the output level can be accomplished with little difficulty
by simply controlling signal amplification, and no problem is therefore ap-
parent in making the output compatible with the input requirements of the
other system components.

(b) Piezoelectric Devices

Piezoelectric crystal devices provide a short duration,
high voltage pulse signal, proportional to applied mechanical impact energy.
The signal wave shape is related to the force magnitude and rate of application.
These devices would lend themselves most readily to a momentary signal require-
ment application. Conversely, the operation of this device in other than a
momentary requirement application requires supplementary circuitry in the form
of a flip-flop such that successive pulses from the crystal would cause the
flip-flop to change states. The flip-flop could then provide the steady sig-
nal level required for steady state applications. These devices do have one
disadvantage associated with the steady-state application in that there is no
convenient means of providing memory.

2 I



Piezoelectric crystals, unlike other devices, convert
electrical energy directly from mechanical energy, thus not requiring the
additional circuitry necessary for biasing. The high voltage level generated
will require transformation; but adjustment of this output level appears to
have no reservations attached; and it is felt that its use would be compatible
with over-all system requirements.

(c) Photo Sensitive Devices

Photo sensitive devices provide an output voltage level
change proportional to incident light intensity falling on the photo sensitive
surface. Two types are currently availables photo-diodesand photo-transistors.

Photo-diode output power capabilities are limited and will require amplifi-
cation. The photo-transistor device has adequate power capabilities without
amplification. Both devices respond to temperature changes, but proper circuit

•design will eliminate any problems in this area.

The only remaining area for concern is the steady source of
light required with these devices. Incandescent light sources are of course
presently available. But, whereas photo devices can stand considerable
mechanical abuse, light sources are particularly susceptible. The degree to
which this is true is generally well known throughout the aircraft industry.

Recent developments in incand ent light bulbs have shown a marked improve-
ment in their mechanical characteristics resulting in an order of magnitude
improvement in life and reliability. In general, the photo sensitive
devices can be used quite satisfactorily as a signal source; and the inter-
ruption of a light beam can be facilitated with very little difficulty in
mechanical design.

(d) Variable Coupling Devices

Variable coupling devices produce a change in signal out-
put as a result of a change in the magnetic circuit permeability for trans-
formers or a change in electric field permittivity for capacitors. Both
devices require an alternating bias signal for operation and therefore must
be used in conjunction with a rectifying circuit to provide the proper out-
put DC level. The power levels available from either of these devices will
be adequate without amplification. The very small physical size variable
capacitors used would require a rather high biasing power source frequency,
thus inherently incorporating a source of generated interference. Some
shielding techniques may therefore be required. Both devices have a minor
problem with the electrical snap-action requirement, but the application of
adequate mechanical design or the tunnel diode technique suggested for strain
sensitive devices will eliminate the problem entirely. Temperature stability
for these devices, neither are thought to be very much affected, can be

provided in the biasing circuit if required. In sumnary, there are no
insurmountable problems associated with the application of any of these devices
for the contactless switching electrical system.



(2) Control Logic

The development of a contactless control system to replace electro-
mechanical relays has principally taken a single course of endeavor--that of
evaluating the broad technology currently existing for computer applications.
The main effort therefore has been applied to the evaluation of characteristics
of the existing logic devices of which there are nearly as many varieties as
there are manufacturers.

These devices involve several classic logic circuit forms noted
as follows: Resistor Transistor. Resistor CaDacitor Transistor, Direct
Coupled Transistor, Diode, Low Level, Current Mode, and Diode Transistor.
In addition to the number of different classica.- logic circuits, manufacturers
producing logic elements based on the same classical circuit description will
often differ in the implementation of their design characteristics. These
differences however generally lie in the power supply and signal voltage level
requirements. There are also two manufacturing techniques available; namely,
a modular construction versus micro-electronic. The distinction between these
two is principally that modular construction involves standard semiconductor
and other circuit elements with a state-of-the-art advance in packaging
technique, whereas the micro-electronic technique generally implies the
implementation of the circuit on a single semiconductor substrate. Some
manufacturers combine these two techniques, thus conforming to neither one
of the techniques singly. In general however, the term micrologic will always
imply the smaller of the two in physical size.

The technique of micro-electronic construction is quite new whereas
the modular form has been available for sometime, and as may be expected,
considerably more experience is available on the older construction. However,
since the micrologic e.iement technique has already shown good service charac-
teristics, there is little or no concern associated with their application in
contactless switching, and their use will afford the advantages of reduced
space and power requirements.

Very little effort has been applied in determining the type of
classical circuit most suitable for application to contactless switching
during this phase, although sume initial impressions, to which the following
cumments apply, have been formulated. Some of these circuits would require
amplification between succeeding logic stages to compensate for the signal
power loss inherent with their application. Other circuits would require
extracurricular circuitry to afford sufficient isolation between separate
signal sources. Neither of these features w,..uld be particularly attractive
in considering these circuits for contactless switching applications. As to
the signal levels available from existing logic modules, little difficulty
is expected in obtaining satisfactory levels fur yperation of the succeeding
eiectrical system power contacts, i.e. the input circuits of the power
contacts can be made as sensitive as required tu accept the availab.ae levels.
This approach is in keeping with the approach of using as nearly as possible
the establishec logic design. As previousAy mentionea, the final determination
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of this will be made uuring the evaluation of the design effort Uf Phase II.
One point of some concern on this subject is the susceptibility of these
devices t, signal noise levels present in the aircraft. It may be desirabie
tv provide logic design requiring higher operating levels as a more practical
approach over extensive noise shielding. This, however, was not concluded
during this phase of the study.

(3) Power Contacts

An investigation was made of semiconductor device characteristics
to determine what devices are compatible with the contactless switching re-
quirements as established in section (b). Following is a general discussion
to show the compatibility of semiconductor devices used in power contacts
with the established requirements for both the bus and load switching power
contacts.

(a) Environment

The requirements imposed on power contacts by section (b)
with regard to environmental conditions can be readily attained with silicon
devices and good design practices. Silicon power transistors in general
have a high junction temperature rating of 160 0C and a low junction temperature
rating of -650C. Silicon controlled rectifiers in general have a high temper-
ature rating of 150*C and a low temperature rating of -65eC.

(b) Performance

The actual life of semiconductor devices used in the power
contacts is estimated above '10,000 hours of actual operating time with no
deterioration in performance. The power contacts, when properly designed,
have a capability of switching at rates up to and exceeding 10,000 times per
second for literally billions of times without deterioration in performance.

(c) Electrical

Semiconductor devices that can be used in the power contact
for switching either AC or DC power consists of rectifiers, silicon controlled
rectifiers (SCR's) and transistors. When using SCR's or rectifiers as the
power contact, it is only necessary that the peak reverse voltage (PRV or
PIV) and the peak forward blocking voltage (PFV) ratings not be exceeded. In
the case of SCR's, this rating is given with the gate open. Additional pre-
cautions must be taken so that positive voltage• are not applied to the gate
when the anode is negative or when the gate becomes more negative with respect
to the cathode than the allowable limit. The PRV and PFV are the maximum
allowable ratings and a safety factor of 10 per cent minimum should be added
for improved reliability. SCR's with PRV and PFV ratings in excess of 600
volts are available and, therefore~are compatible with thf established re-
quirements for AC and DC bus switching as well as for AC and DC load switching.
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Power transistors to be used for power contacts have a more complex voltage
characteristic. The breakdown voltage between collector and emitter is
dependent upon the associated external circuit as well as the device charao-
teristics. A detailed description of voltage ratings for power transistors
as well as SCR's is given in Appendix A. For ultimate reliability the BVCEO
rating shall govern the transistor power contact rating. Unlike eC' sý ower
transistors have high voltage ratings in one direction only. It is, 'tshr.f ,
necessary that two transistors be used in a single AC power contact to provide
the required forward and reverse voltage rutings. Transistors are not
presently available with sufficient voltage ratings for AC bus switching or
three-phase load switching although a device is available (Delco M2580) for
single-phase load contacts. As previously mentioned, two transistors are
required to provide the forward and reverse voltage rating which is also
required in DC bus switching. Although devices with sufficient voltage ratings
are available, transistors with sufficient current rating fur DC bus switching
are not available. Power transistors for DC load switching are readily
available and completely compatible with the established requirements for the
DC load switching power contacts. Although transistors as well as SCR's can
be made compatible with established requirements for both the AC and DC bus
switching systems and the AC and DC loal switching sa 9tem, SCH's are more
adaptab.le to AC power contacts and transistors t. DC power contacts.

Electromechanical devices, of cuurse, can more nearly
approach the ideal switch than can semiconductor devices with regard to contact
.rop. The basic design philosophy shown in Figure 7 is being followes to

minimize the over-all drop in the power distribution system. When using
power transistors in the power contact module, the voltage drop across the
device is a function of load current anu base current. When the base current
is great enough so that both the base-to-emitter junction and the base-to.
collector junction are forward biaseu, the device is saturated and exhibits
minimum resistance called saturation resistance. The voltage drop across the
saturated transistor depends on the value of base current for a given load
current. The greater the base current is made, the lower the contact drop
becomes until a point is reached where the voltage drop developed across the
ohmic emitter resistance tends to increase the drop. The amount of base current
required is also dependent on the current gain (hFE) of the device. The
Westinghouse 2N2100 series of power transistors have a typical saturation
resistance of 0.037 ohms at a collector current of 25 amperes and a base
current of 5 amperes at 250C. The same transistor has a typical saturation
resistance of 0.05 ohms at a collector current of 10 amperes and a base
current of 380 milliamperes. When using transistors in the low current
power contacts, it is therefore possible to stay well under the established
requirement of 1.0 volt maximum. When SCR's are utilized in the power contact,
the voltage drop is essentially constant for any load current and is not
dependent on any driving current. The voltage drop, however, is in the
neighborhood of 1.0 volt for all devices. To compare the characteristics of
power transistors and SCR's, Figure 8 presents a plot of forward voltage drops
and Figure 9 presents a plot of saturation resistances versus load currents
for typical devices at 25°C.
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Leakage currents (ICZR) to the load in power contacts
utilising power transistors in the emitter follower configuration are
dependent on external circuit design. Leakage current measurements made on
a Westinghouse 2M2131 transistor revealed zero leakage to the load with an
8.2k resistor connected from base to grou. This measuemnt was made at
25°C and at a collector voltage of 28 volts. It was determined that power
contacts designed with transistors are compatible with the established
maxima leakage requirements of 3.0 milliamperes. 8UR leakage eumeuts
are independent of circuit parameters and they are available with leakage
currents below the established limit.

8CR's with current ratings up to 235 amperes are available
and therefore are compatible with the current rating requirements for both
bus and load applications. Power transistors with current ratings up to 30
amperes are available, but this is not sufficient for DC bus switching since
the devices must be derated; however, 100-ampere devices are in development.

The overload and surge ratings of semiconductors is
complex and a brief discussion is required to show the compatibility of the
devices with the established requirements. A more detailed discussion is
given in Appendix B. The characteristic that determines current carrying
capabilities of semiconductor devices are maximum allowable Junction
temperature (Ti.) and maximu collector current rating (1n), In silicon
devices, the maidii allowable junction temperature is between 125 C and 200 0.
The maximum collector current should never be exceeded because a phenomenon
known as "Becodae7 Breakdown" could occur and destroy the device. During
overload and surge conditions, power dissipation and ICE= ratings will be
the governing factors in power transistors. In SCI'se surge current and
the 12t rating will be the governing factors.

The requirements established for overloads and surges
can, of course, be met with power transistors as well as with SCe's. It
would however require considerable current derating of the power contact
and hence would be an inefficient design. A more efficient design incorporates
current limiting which will be discussed in detail in the Phase II Final
Report. To make power contacts compatible with the overload and surge rating
requirements, the power contacts will have an "overload factor" rating.
This rating is given to power contacts exhibiting current limiting and is
defined as the overload or surge current that would flow through a device
with no current limiting and is given in per cent of rated current. For
example, a power contact rated at ten amperes supplying current to a thirty-
ampere load would have an "overload factor" rating of 300 per cent even
though the device limits the current to ten amperes. Current limiting, of
course, requires that the power transistor operate out of saturation during
the overload or surge condition to prevent exceeding lCmax. Hence, the
power dissipated during the overload or surge condition is absorbed by the
trasistor. It is important to note, due to the relatively low thermal
capacity of semiconductor devices as compared to electromechanical devices,
the Junction temperature rises quickly. How quickly the heat can be reoived
from the Junction will determine the overload and surge capabilities of the
device. It is therefore necessary that the power transistor have a low thermal
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resistance junction-to-case (Qj ) and a high thermal capacitance junction-
to-case (CjC). Manufacturers oF power devices generally provide charts
from which the designer can readily determine the maximum power dissipation
which the device can withstai.d for various pulse durations. SCE's, unlike
transistors, have swrge and 12t ratings for short nonrecurrent periods of
time. The surge current rating (Isurge) is given for 8.3 milliseconds.
The 12 t rating is given for durations shorter than 8.3 milliseconds. Since
the established requirements are for longer time periods, phase control
mode of oneration will be used to give an effective current limiting
characteristic. This too will be discussed in the Phase II Final Report.
This same concept will apply to circuit protection in the load switching
power contacts in order to make them compatible with the established require-
ments. Circuits can be designed, as will be discussed in the Phase II
Final Report, that will sense current, voltage and time to provide the
desLred "tri"" signal. AC load suitching power contacts using SCR's must
be phase controlled during turn-on since the device will not turn "off"
faster than within one-half cycle which would be long enough to destroy the
device during fault conditions.

Design techniques which will permit switching the AC
power contact "on" at the zero degree po.int will permit the power contact
to operate within the limitations of specification MIL-I-6181.

The power dissipated in the power contact consists of "on"
losses and "off" losses. In the "on" condition the losses can be divided
into three groups: (1) the main contact losses, (2) the driving power losses,
and (3) the control circuit losses. In the "off" condition, the power
losses !n the power contact are due to lea:age only which is small in
sil.icon dev'ces. Power losses in the "on" condition will depend on the
dev'ce being used as the main contact. In a power contact using a power
transistor as the main contactthe device nasses through the active or
high dissipation region when it is first turned "on". In contactless
switching applications, this area is traversed so rapidly and at such low
duty cycles that this power loss can be considered negligible. It is
vhile the device 's operating in the "on" condition that major power losses
ar.-e develoned. These losses can be given as:

Ploss - VCE ICER ('--t) " IC2 R s(t) + IBVBE(t) I Control Losses (1)

TflheC e: t is the time "on"
VCE is the supply voltage in volts
I is the lealage current In rmperes
TC's the collector o0:' load current in amperes
RCS is the satrtation resistance in ohms
IB Is the driving ciurrent in amperes and
VBE is tVe base-to-emitter drop in volts.

Assimi'ng Lhc first tern is negligible and t = 1 (Continuous operation) then:

= Ic2 Rcs I IBVBE + Control. Losses (2)
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The efficiency of the power contact in the "on" condition is then given by:

3ff [1 " (IC2 8C) + IBVfl + Control Losses 1 100 (3)
VCEIC

The contact losses (IC2Rr) will predominate. It is, therefore, neressar7that the power transistor have a low saturation resistance characteristic.
To minimize the driving power losses (IBVB,) , the deviee should exhibit alow VBL characteristic. Also the device should have a high current gainwhile operating in saturation so the driving current 1B is minimized. The
control losses which consist of circuit protection, turn-on and turn-off
should not exceed 10 per cent of the total losses. An example of the
present state-of-the-art in transistor design, is the family of 30-ampereNPN silicon transistors developed by Westinghouse and designated as the OI1830
and M130 series. At 250C these devices have a typical saturation resistance
of 0.035 ohms, VBZ of 1.9 volts and a current gain of 5 at a collector currentof 25 amperes. The devices also have a typical saturation resistance of 0.05
ohms at a collector current of 10 amperes when driven with a base current of
380 milliamperes. The efficiency of a 10-ampere power contact using the
transistor in a 28-volt DC system from equation (3) is:

Eff . [1 - (l0) 2(.02) +(4)(1.9) t .63 ]100
M 97%

Using the same transistor in an AC power contact would yield higher efficiencieseir.ee the losses are independent of supply voltages. The control function of anSCR, of course, is completely different from a power transistor. In the "on"
condition, both the emitter and collector are biased completely "on"; and,as long as the external supply is sufficient to maintain the emitter and col-lector biases, the device remains "on" without the requirement of any driving
power. The turn-on power loss is therefore negligible in a continuousoperating circuit since only a pulse signal is required. The total powerloss of a power contact in a DC circuit using an SCR can be given as:

Ploss w ILVF + Control Losses (4)

Where: VF = the forward voltage drop of the SCR at load current and
I - the load current.

The efficiency can be given as:

Eff - [1 - ILVF + Control Losses ] 100 (5)
VCCIL

Where: VCC is the supply voltage.
As an example, a power contact using the 3"687A SCR has a voltage drop of 0.86volts at 20 amperes at 25*C. In a £0-volt DC circuit, the efficiency from
equation (5) is:

Ef, [1 - (2o)(.86) + 2.0] loo
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Using the SCR in an AC contact, efficiencies of 99 per cent can be obtained
since the drop across the MCE is independent of suply voltage and essential•y
constant with load current.
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d. Development Factors

The development factors outlined herein are those device characteris-
tics which must be considered in the development of new and improved devices
and assemblies to meet the requirements established for contactless switching
concepts for application to aircraft electrical system. These desired
characteristics are discussed for the applicable areas of signal sources,
control logic and pover contacts.

(1) signal sources

In considering the development requirements for signal sources,
it must be understood that efficient use of electrical power is not of major
importance, since the pover requirements are in the millivatt range. What
is important, however, is efficient conversion of mechanical notion into an
electrical signal and high reliability. Soe developmental considerations to
achieve these requirements are noted as follows:

(a) Strain Sensitive Devices

Gage factor is defined as the percentage change in output
signal for a given change in stress. An increase in gage factor for strain
sensitive devices would afford greater signal differential between the "WS"
and "OFF" states of the signal sources. With the development of seaicanductor
strain sensitive elements, the state-of-the-art nov provides an approximte
maximu 30 per cent change in signal level. Further develoment in this eae
would make the design of signal sources with complete isolation of signal
change resulting from temperature changes or mechanical shock and vibration
much easier to accomplish.

(b) Piezoelectric Crystal Devices

Several manufacturers are now producing piezoelectric
ceramics that will meet signal source design requirements under all conditions.
However, some suitable type of actuating mechanim development should be
undertaken. A mechanism meeting this requirement should insure that the
crystal is not actuated as a result of mechanical shock and vibration and yet
is uniformly actuated each time operation is desired.

(c) Photo Sensitive Devices

As it was pointed out earlier in this report, reliable
light sources are the major shortcoming in the design of photo sensitive de-
vices. Manufacturers are nov engaged in the research and development of
light sources composed of semiconductor materials such as Gsllimu Arsenide
and Oalliu Phosphide; and it is expected that these sources will be lmmne
to shock and vibration and have essentially infinite life. Photo esltive
devices are presently being used in switching applications; and only the
source of suitable illumination limts their life.
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(d) Variable Coupling Devices

The development of a differential transformer with a higher
output in the "on" condition and lover leakage in the "off" or "null" condi-
tion would be highly desirable. This would provide a greater differential
between the two states and reduce the circuitry now required to cunstruct a
suitable signal source.

Several manufacturer@ are now engaged in research and develop-
ment in these problem areas, and it is expected that most of the present
deficiencies will be eliminated in the near future.

(2) Control Logic

Considerable care should be exercised before contemplating any
alteration of the characteristics of devices which have evolved through the
amount of experience presently available on logic elements. It is therefore
pertinent to note that the following com ents should be received with some
reservation pending the results of the Phase II Design Study.

Future developments in devices for a control logic adapted for
general aircraft application should consider the retention of such available
characteristics as low power dissipation, small physical size, flexibility
and reliability; and, in addition, achieving compatibility with the aircraft
environment without extensive shielding or other suppressive requirements.
The development of this type of control logic depends strongly upon the
techniques required to produce logic elements compatible with the typical
aircraft electrical system environment. This may require some adjustment
of circuit design and power requirements to create a greater interference
immunity. This obviously would affect the size of elements and the densities
that can be obtained. Since flexibility also requires that the element
density not exceed the point where economical replacement of a single failed
device can be fostered, the natural result of increasing package size may
turn out to be a compensating feature.

It will require further study to determine which of the design
factors should assume major importance and how the design compromise can best
be made between these factors to achieve the most feasible control logic.

(3) Power Contacts

Development factors that must be considered for new and improved
devices in the area of power contacts are as followst

(a) Power transistors with current ratings above 100 amperes.

(b) Power transistors with a maximum saturation resistance of
0.01 ohms at a collector current of 50 amperes.
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(a) Power transistors with a high Junction-to-case thermal. capa-
citance(typically 1.0 Vatt-sec).

(d) Power transistors with a low Junction-to-case thermal resist-
awe (typically 0.1 - C

(e) Power transistors with high base-to-emitter threshold volt-
ages (typically 0.5 volt).

(f) Power transistors with voltage ratings (BVcEo) above 600
volts.

(g) Power transistors with high pase power capabilities (typi-
cally 10,000 watts for 40 milliseconds).

(h) SCR's with voltage drope of 0.5 volt maxdw- at rated
currents up to fifty amperes.
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3. Conclusions

a. Conclusions

The conclusions that are drawn from the investigations and analyses
conducted during this phase of the program are listed below. Some of these
conclusions are based on preliminary information and will be subject to
change as additional informtion is made available by studies, investigations,
and evaluations being conducted during Phases II and III of this program.

(1) The system philosophy assumed hea considerable merit in the fact
that only the power contact section will be exposed to the stringent require-
ments of 141L.-m-70o4 and xCL-w-5o0B.

(2) The electrical characteristics and requirements of the signal
sources can be reasonably obtained with several devices such as piezoelectric
crystals, differential transformers, pressure transducers, etc., within the
present state-of-the-art of variable parameter device development. The
mechanical design requirements which depend on human factors criteria will
require considerable development.

(3) The control logic section can be made compatible with the air-
craft environment and other sections of the contactless switching system by
utilizing devices within the present state-of-the-art of microelectronic
developiment.

(4) The requirements for AC power contacts and DC power contacts are
so divergent that separate families of standards should be established rather
than trying to establish a universal power contact to handle both AC and DC
power switching.

(5) The electrical characteristics and requirements of the power
contacts can be reasonably obtained with selected devices and compensating
circuitry within the present state-of-the-art of semiconductor development.

(6) Voltage drop between the generation point and the utilization
equipment within the limits specified by Military Specifications can be
reasonably obtained with AC switching concepts but will be marginal with DC
concepts.

(7) The present and future essential requirements for aircraft
electrical systems can be reasonably obtained with judicious selection and
proper dersting of devices fabricated within the present state-of-the-art
of semiconductor development.
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PART II

1. Appendices

a. Appendix A - Semiconductor Voltage Ratings for Contactless Switching
Applications - Power Contact

(1) Power Transistors

Power transistors, because of their solid-state characteristics,
are inherently long-life, reliable devices. However, the lifetime of the device
is largely determined by the circuit designer. There are certain basic limi-
tations which must be well understood in achieving the utmost in reliability.
Certain maximum ratings which are assigned by manufacturers to power transistors
may be misleading if one is not fully aware of the meaning of these ratings.
Power transistor voltage ratings are probably the parameters most frequently
violated and this violation is the chief cause of power transistor failures.
This discussion will present the basic power transistor voltage breakdown
mechanisms and their relationship to the external circuit so that reliable
circuits will be designed for aircraft electrical system applications.

Voltage ratings of power transistors in general are limited by:

punch-through and breakdown voltage ratings. A discussion of each follows.

(a) Punch-Through

"Punch-through" phenomenon is a result of the depletion layer
spreading more in the base region than the collector region and eventually
reaching into the emitter region. When "punch-through" occurs, the emitter
will be electrically shorted to the collector; and transistor action will cease.
However, no permanent damage occurs to the transistor if the external circuit
sufficiently limits the current; except for aluminum doped alloy power transistors.
Punch-through voltage is a function of base width and base resistivity and is
given as:

VpT - (Al)

for germanium PNP transistors. Silicon devices which are grown diffused,
double diffused, planar, mesa, and planar epitaxial do not normally exhibit
this phenomenon. However, it is prevalent in silicon alloy devices and is given
as:

Sl47x ,2 (A2)

for silicon NPN power transistors. With large base widths and sufficient base
region and collector region doping, punch-through ratings exceeding 500 volts can
be obtained in silicon NPN power transistors. Hole mobility in silicon NPN
devices is less than half the electron mobility of PAP devices; therefore, the
maximum attainable punch-through voltage is doubled in NPN power transistors.
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This is one of the reasons for the scarcity of silicon FlP power transistors.
In low frequency applications, as will be the case in contactless switching
applications, the base can be relatively thick so that punch-through will not
be a limitation. Manufacturers normally do not specify punch-through voltages
for power transistors since this voltage will usually be equal to or higher
than the collector diode breakdown (BVCBO) rating.

(b) Breakdown Voltage Ratings

The breakdown voltage rating between collector and emitter is
more complex since it is a function of individual device characteristics and
associated external circuit. These voltage ratings are generally listed on
the device data sheets and are identified as: BVC~o, BVCEO, BVCEs. BVCERO
BVCEX, and BVEBO.

These ratings will be discussed individually for alloy devices
since power transistors of the alloy-type generally will be applicable to contact-
leso switching.

1. Collector-To-Base Breakdown - Emitter Open (BVCBo)

Collector-to-base breakdown is the result of avalanche multi-
plication. The curve of the collector cutoff current (ICBO) showing the point
where the current begins to avalanche, called breakdown (BVCBO), is shown in
Figure Al. Since leakage currents (ICBO) are appreciable in alloy power
transistors, they play an important part in breakdown ratings. The multiplication
factor M for a given collector-to-base voltage is given as:

Mm =

1 -(VCB (A3)

Both BVCB 0 and n are constant for a power transistor of a given type and are
dependent on the semiconductor material (silicon or germanium), the resistivity
of the base, and the predominant type of charge carrier. Typically n is 3 for
germanium PNP, 5 for germanium NPN, and 3 for all silicon transistors. As
can be seen frum equation (A3) and Figure Al, M approaches infinity at high
collector-to-base voltages (VCB), where collector current (kC) begins to
avalanche and breakdown occurs. This voltage is given by equations (A0),
(A5), and (A6):

BVCBo - i40 G5 (NPN Silicon) (A4)
-BVcBO 85 -) (.63) (pNP Silicon) (A5)

BVCBO 83.4 'J, 6)(pNp Germanium) (A6)

Note that breakdown voltage increases with an increase in base resistivity,
whereas punch-through voltage decreases with an increase in base resistivity
(equations Al, A2). The optimum voltage of a power transistor is obtained
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when breakdown and punch-through will occur approximately simultaneously for
a given base material. Breakdown rating of power transistors exceeding 500
volts has been obtained. This voltage is very seldom encountered since leakage
current and surface breakdown will usually occur first.

2. Collector-To-Emitter Breakdown - Base Open (BVCE 0 )

The collector-to-emitter breakdown is usually the lowest
breakdown voltage of a pdwer transistor. This breakdown occurs at the collector-
to-emitter voltage where the common-emitter current transfer ratio A becomes
infinite as shown in Figure A2. This voltage is given as:

BVcE - BVCB0 (A7)

It is interesting to note that BVCE0 is independent of L although the
current-voltage path to breakdown is dependent on 10O. Also rote that high
current gains at low collector currents are undesirable.

3. Collector-To-Emitter Breakdown as a Function of External
Circuit OM)

A general equation can be derived for the IC vs. VCE
curve for all conditions of the external circuit parameters shown in Figure A3.
An expression for the general collector-emitter breakdown voltage is:

BVcE - BVCBo 1 -(A8 l+ L e(A8)

RBL+re

Assuming the internal emitter and base resistances are negligible, it can be
seen from equation (A8) that if the load resistance (RL) is allowed to approach
infinity or RB becomes zero, BVCE will approach BVCBu. Also, if RB becomes
infinite or R becomes zero, BVCZ will approach BVCEU. If both R and
are zero (whiých would be base shorted to emitter), then the brealkdown voltage
designated as BVCEs is obtained and is given as:

BVU - BVo 1 - C, (A9)
1 + re

The BV. voltage is usually specified as the maximun ViE rating on the device
data s~et. As can be seen in Figure A4, the BVCES voltage curve approaches
BVCBO, then reverses and approaches BVCE0 as the collector current increases.
Therefore, at low collactor currents BVc .' BVc 0 and at high collector currents
BV1.S M BVCEu. The equation for BVC] as a function of the external circuit
is also valid where BL and RB are not zero so that resistance ratios can be fixed
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as desired. The" voltage curve*w i vl fall between the ]V,= a SVC=
cure@ a are design•mt• , as NCO. The breabftwn is alily shown oan
data sheets ad Is given by:

1a "VDo n 1 - (A10)
I + re

~+ ,

This equation Is the same as equation (AS), except iR Is zero. Note that at
high values of F%, the breakdown voltage decreases a NV=0. An equation
for BVC= can also be given in terms of the leakage current

3VCm.a BV(3o ] - o (' + r) (All)

It is important to note that the breakdown voltage decreases with an increase
in temperature since ICg Increases with twperature,, assuing RB and ro
are constant.

1. Collector-To-hi/tter Breakdown - Reverse Bias (BVCI)

When a reverse bias is applied between the emitter and
base, as shown in Figure A5, the breakdown voltage mn be increased above the
BV2 value. As was previously mentioned, emitter Injection takes place
only when the base to emitter Junction Is forward biased above the threshold
voltage VD. That is, injection will occur when:

10 (PS + b) > VD +VM (A12)

The breakdown point is designated as BVC and Is given bys

SM ZV,-O (A+)(.)I vD + va5
Figure A6 saos a series of breakdown curves fbr different values of Yi.
Note that BV• increases with an Increase of reverse bias. owever, here
"is a limit of reverse bias that should be applied. When BIV is epproacohd or
when the IR drop across the Junction renders reverse drive Iaeffective In
removing leakage carriers. no further Increase of reverse drive is desirable.

(c) Power Transistor Operating Regions

Definite areas of operation with regard to voltage and cnmen
exist in power transistors. In general, these areas can be divided Into regiOns
of operation as shown in Figure A7. The limits of region Ap which Is the famard
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bias region, are determined by the avalanche breakdown BVCE0 and the max•mum
collector current rating for the transistor. This is the maximum reliability
area. As long as the load line iL in this area and dissipation is withnid
allowable limits, the power transistor will not short out. Operation in this
area will provide the designer with a safeguard insofar as unknowns or oc-
casional power surges are concerned.

The limits of region B, which is the reverse bias region
or negative-resistance region, are determined by the avalanche breakdown
BVc. and the upper limits of the respective breakdown voltage for a particular
external circuit condition. Passing a load line through this region can be
a dangerous practice. A load line AX intersecting the negative resistance
area as shown in Figure A8 will cause the transistor to "hang-up" at point
X. If the current is allowed to continue until point 0 is reached, a second
negative resistance occurs and the curve will follow the dotted line. This
is !mown as "second breakdown", and the trLnsistor will be destroyed. A load
line CD, as shown in Figure AS, would provide safe operation if the load is
pure resistive. In practice, however, there are several factors that can
cause deviation from. thir ide&! ca se. Temperature, power supply transients,
switching spikes, a~nd reactive loads can cause the inctantaneous operating

point to be forced into the negative resistance region as showni by curve CXD.
Operation in the dangerous negative resistance region can be avoided by making
certain that voltages in excess of BV= are never applied to the transistor.

(2) Silicon Controlled Rectifiers (SCR)

Although the basic theory of operation of SCRI' is generally
explained in the two transistor ana.-oa-, the voltage ratings of SjCR's is
different from that of transist'rc . A discussion of these ratings is given
to provide the decsigner a LCene•ra underetandinU of their meaning so that de-
vices will be selected to provide relInble circuits. Voltage ratings of
"'CRIs' gencrally licted on device data sheets arc identified as PRV, PfVtrans.,
VRDC, VBO, PFV and VG. A discussion of each follows:

(a) Repetitive Pe-: 2everse VoltaGe (PRV)

Tis the nrxginiu allowable instantaneous repetitive
reverse voltage that should be applied to the anode with the gate open.
Although thic is not a "breakdown" voltage as is shown on Figure A9, it should
never be exceeded except by very short duration transiente. If this rating
is exceeded for relatively long durations (over 5 milliseconds), the device
is likcly to go into avalanche breakdown; and if the current is not suffici-
ently limited, the device will be destroyed.

(W) Transient Peak Reverse Voltage (PRVtrann.)

This is the mxim•ia voltage that should be applied to the
anode on a continuous basis which, of cource,will be the rating used for
applicable DC power contact applications such as bus switching.
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(a) lbwrid eakdovn Voltage (Vo)

This is the value of positive anode Voltage at wthih tie
BCE wll switch into the "on" state with the gate circuit open. Device speoc-
ficatlon sheets give the braekover voltage for the worst case conditions vhich

to with the gate open and at mazimo aloable junction teseratwe since
this rating is sensitive +o teperature, gSte drive and also to the rate of

rise of forvard voltage (WI! V decreases with an Increase In t Veatn'
as well as with an incea in ga drive. Since a fast rate of rise
effectively reduce V p an SCR cam fire Independent of any gate ai
This, of course, is: aIimjortant characteristic in circuits with high fre-
quency trMWnsnts. 1ita is usually given on data sheets which will permit a
designer to select devices whose V ratings will not be exceeded under the
possible milum rates of rise to Mich the device my be subjected. Curves
showing the maximum rate of rise of forward blocking voltage for the 21680
series of SCR's is shom in Figure AlO. Note that a higher voltage rated
device will allow a higher rate of rise of forward voltage for a given peak
circuit voltage. The characteristic is also dependent on the external
circuit configuration. Yor example, rev2 rse biaing the gate with respect
to the cathode will Increase the device n capability.

(d) Peak Forward Blocking Voltage (WFV)

This is the Instantaneous value of forward voltage that
my be applied to the anode. As shown in Figure A9, this voltage rating is
higher than the VBorating. However, since it is of an lnstantaneous nature,
the 8CR may or my not breakover when VBois exceeded. It Is importent to
note, however, that if anode breakover sould occur above the PWrV limit, the
SCR can be damAged. On the other hand, no damage to the SCE would be experi-
enced should breakover occur below this limit. Since SCR's are not designed
to be brought into conduction by exceeding the V; rating, an external cir-
cuit should be designed to trigger the SCR throX the gate prior to exceeding
the P" limit.

(e) Gate Firing Voltage (VO)

This is the gate-to-cathode voltage required to fire the
5CR. Several limitations are imposed on the gate signal for reliable opera-
tions. One liamtation is that the gate to cathode voltige rating (normally
10 volts) not be exceeded and the negative voltage rating between gate and
cathode (normally 5 volts) not be exceeded. It is also important that a
continuous do gate bias not be used for triggering when an alternating voltage
is being applied to the anode. During the revers part of the AC cycle,
the anc4e reverse current would be greatly Increased by an appreciable flow
of positive gate current, and the excess power could destroy the device.
This dissipation can be limited with external circuit design tecbniques. In
AC circuits using two 8C0's shunted in reverse directions, for e.ole, mce
of the two 8CR's always "short out" the other, so that the device wbhich Is re-
versed biased can allow a considerable gate dissipation.
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(c) Forward Breakdown Voltage (VBo)

This is the value of positive anode voltage at which the
SCR will switch into the "on" state with the gate circuit open. Device speci-
fication sheets give the breakover voltage for the worst case conditions which
is with the gate open and at maximum allowable junction temperature since

this rating is sensitive to temperature, gate drive and also to the rate of

rise of forward voltage (dv). V, decreases with an increase in temperature
as well as with an increas in gaZ drive. Since a fast rate of rise d~1
effectively reduces V o, an SCR can fire independent of any gate signalY
This, of course, is aP important characteristic in circuits with high fre-
quency transients. Data is usually given on, data sheets which will permit a
designer to select devices whose V ratings will not be exceeded under the
possible maximum rates of rise to wich the device may be subjected. Curves
showing the maximum rate of rise of forward blocking voltage for the 2N680
series of SCR's is shown in Figurc A10. NoLe that a highar voltage rated
device will allow a higher rate of rise of forward voltage for a given peak
circuit voltage. The d characteristic is also dependent on the external
circuit configuration. "or example, revarse biasing the gate with respect
to the cathode will increase the device a capability.

(d) Peak Forward Blocking Voltage (PFV)

This is the instantaneous value of forward voltage that
may be applied to the anode. As shown in Figure A9, this voltage rating is
higher than the VBOrating. However, since it is of an instantaneous nature,
the SCR may or may not breakover when Vois exceeded. It is important to
note, however, that if anode breakover should occur above the PFV limit, the
SCR can be damaged. On the other hand, no damage to the SCR would be experi-
enced should breakover occur below this limit. Since SCR's are not designed
to be brought into conduction by exceeding the VBO rating, an external cir-
cuit should be designed to trigger the SCR through the gate prior to exceeding
the JFV limit.

(e) Gate Firing Voltage (VG)

This is the gate-to-cathode voltage required to fire the
SCR. Several limitations are imposed on the gate signal for reliabl\, opera-
tions. One limitation is that the gate to cathode voltage rating (normally
10 volts) not. be exceeded and the regative voltage rating between gate and
cathode (normally 5 volts) not be exceeded. It is also important that a
continuous dc gate bias not be used for triggering when an alternating voltage
is being applied to the anode. During the reverse part of the AC cycle,
the anode reverse currcnt would be greatly increased by an appreciable flow
of positive gate current, and the excess power could destroy the device.
This dissipation can be limited with external circuit design tLechniques. In
AC circuits using two SCR's shunted in reverse directions, for example, .ne

of the two SCR's always "short out" the other, so that the device which ic re-
versed biased can allow a considerable gate dissipation.
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In conolusion it can be o•a4 that vhen BSC' aae applied
veil vithin their ratinp eA not subjected to over-voltaps4, the devioe is
one of the most reliable of al seuiconduator devices.
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In conclusion it can be said that when SCR's are applied
well within their ratings and not subjected to over-voltages, the device is
one of the most reliable of all semiconductor devices.
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LIST OF SYMBOLS

BV CB Breakdown Voltage, Collector to Base, Emitter Open Circuited

BVCBO - Breakdown Voltage, Collector to Emitter, Base Open Circuited

BVcE0 - Breakdown Voltage, Collector to Emitter, Base Connected.rte
Emitter through a Resistor

BVcES - Breakdown Voltage, Collector to Emitter, Base Shorted to Emitter

BVcEX - Breakdown Voltage, Collector to Emitter, Base to Emitter Diode

Reverse Biased

BVEO - Breakdown Voltage, Emitter to Base, Collector Open

IC - Col ector Current

C - Multiplication Factor in Collector to Base Breakdown

n - Rate of Multiplication

RB - External Base Resistance

rb - Internal Base Resistance

re - Internal Emitter Resistance

RL - Emitter Load Resistance

VBB - Supply Voltage for Reverse Bias

VBO - Blocking Voltage of an SCR

VCB - Voltage, Collector to Base

VCC - Collector Supply Voltage

VD - Base to Emitter Threshold Voltage Below Which No Emitter Multipli-
cation Occurs.

VpT - Punch-through Voltage in Volts

W - Base Width in Centimeters

(K - Common Base Currant Gain
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- Common Emitte:• Current Gain

/2 - Base Resistivity in ohm - Centimeters

- Base Majority Carrier Mobility in cm/volt-sec.
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b. Appendix B

Semiconductor Thermal Ratings for Contactless Switching Applications-
Power Contacts.

This discussion is intended to serve as a guide in thermal considera-
tions. In order to be as general and yet as pertinent as possible, only
those theories and practical factors which influence the thermal ratings and.
use of transistors and SCR's as power contacts will be discussed.

Transistors represent a radically different thermal problem from
SCR's. At a given load current and contact drop, they will have a higher
dissipation than SCR's due to losses in the base which are caused by base
drive current across the base to emitter junction. This tends to make
transistors dissipate substantially less power than SCR's at low currents
but more at high currents. SCR's are limited to high thermal impedances and
low thermal capacities compared to transistors due to the radically different
device geometries. For both devices, however, the absolute limit of dissipa-
tion is that which will cause the junction temperature to rise to the mandmum
permissible junction temperature Tj max.

(1) Transistor Power Contacts

Transistors exhibit a saturation characteristic so close to a
true resistance that it is referred to by the semiconductor industry as
saturation resistance (RCS). Thus, the dissipation in a transistor while in
saturation is roughly proportional to the square of the load current. This
is given as:

P = ICVCE + IBVBE (Bl)

We can, by studying the transconductance curves on typical transistors, find
that to a very close approximation:

P - IC(ICRS) + ic/s (IcRBS + .75)
because VCE = ICRCS, IB = IC/45, VBE = ICRCS + .75

where .75 is the threshold voltage of the base to
emitter diode. But RBS is almost exactly equal to
RCS on nearly all transistors, so:

P 1 I6Rcs/g + .75 1016

= 10 8 (1 + l/ )+ .75 (B2)

If we hold RCS constant and investigate the effect of changing
values of/4%, we find that at high currents (.75 IC/0! <±•Rcs) changing ,,
from infinitely great to 10 results in approximately 10 per cent dissipation,
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which does not seem an unreasonable increase for most applications. Dropping
from 6.,equal 10 to B equal 5, we find an additional 10 per cent increase in
dissipation, which might be acceptable in some cases. At low currents (IERcs

<475 IC/1 ,-), the 6ý becomes increasingly important in gaining efficiency
and, thus lowering steady-state dissipation. We can see that high values of
0 are not essential in high current contacts, but may be very important in
low current contacts.

If we assume - 10, which is a practical value for p9 for the
cUrr-ent state-of-the-art in high efficiency power transistors, we can re-
arrange equation B2 as follows:

P - INRCS + ItRCS/I0 + .75 Ic/10

- 1.1 IERCs + .075 Ic (B3)

We therefore see that at high currents (I6Rc:;s>> .075 Ic) the
power consumed is nearly equal to the square of the current multiplied, by
1.1 RCS. It is immediately apparent that in high current contacts, RCS is
by far the most critical parameter.

(a) Current Limiting Power Contacts

Power contacts with current limiting represent a trade-off
between steady-state performance and transient dissipation capabilities. For
this reason~one of these factors must be balanced against or considered along
with the other to determine contact suitability for a given application.

1. Integral Heat Sink

In this applicationthe contact is considered as
depending solely on its attached heat sink for heat removal. In any thermally
conductive structure such as an aircraft, avoiding small enclosures will
prevent the contact from being exposed to temperatures greater than 850C
(185*F) during operation, and by making the enclosure large enough to allow
at least 5 cubic feet per minute air flow, the following discussion applies.

a. Continuous Ratings

At the low levels of power dissipation which will
be encountered in a saturated contact, no damage to the contact will ever occur.
However, this dissipation should cause the minimum possible temperature rise
at the junction.

Examining conmmercially available heat sinks, we
find that the model NC-441 Cooler made by Delt--T Co. offers a natural con-
vection Q of .54 0 C/W at 100 watts (see Figure Bl). This sink is 4.5" X
4.75" X 5.5", and is mounted 3/32" off the horizontal with the long axis
vertical. Although other heat sinks approach this performance, no less 0
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should be considered for the t'n-ampere transistor contacts presently avqil-
able unless forced air is used or enough contacts are grouped or stacked to
provide "chimney action." Improvement offered by such variations are
determined by the individual configurations and are seldom discussed in
literature in any other way; nevertheless, considering that the largest 0
in such a case is from the sink to the ambient because of the very low
conductivity of air, and consulting the forced convection characteristics
of Figure B2, it can be assumed that nearly any configuration which offers
additional driving power to the convective process will greatly improve heat
transfer to the ambient.

b. Pulse Ratings

Figure E3 shows the equivalent thermal circuit of
a typical high power transistor for pulse power analysis. Since these pulses
are considered. as being very short term, the case of the transistor will be
assumed to remain at a constant temperature during the pulse. This will
introduce a negligible error in light of derating factors used elsewhere. and
is in agreement with the manufacturer's literature.

Upon application of a pulse of power, the tempera-
ture of the Junction begins to rise exponentially per the equation:

AT=-P 9jC (1 -EC>t )(B4)

Using typical values per MIL-STD-701 1, we obtain:
oho

AT = (500) (.35) (1- CT81T
-. 222

= 175 (1- e 350C

for an 80 volt, 40 millisecond. pulse
and

-0.180

T = 300 (.35) (1 - -.107)

= 105 (.63) = 660c

for a 60 volt, 180 millisecond pulse. Figure B4 gives a more complete plot
of dissipation allowable versus MIL-STD-704 requirements. Sufficient time
must be allowed between pulses for the transistor to recover, of course, but
this is easily accomplished in the design of the reset circuitry.

c. Combined. Steady-State and Pulse Ratings

To better illustrate the interdependence of steady-
state and. pulse power ratings, let us cover a typical design example:

Required.: Design a 10 ampere contact which will

current limit at 11 amperes and which will comply to MIL-STD-704 at 850 C
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Tj (JUNCTION TEMP)

P I
I&JC 1 CJC

Tc (CASE TEMP)
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ambient. Use typical values, as tolerances will be determined by the
requirements established in the initial design.

Referring to equation B4.: &T - P 0 (1-- a I).
Select MIL-STD-704 requirement of a 60 volt transient for 180 Illiseconds
as the worst transient indicated by Figure B4. By equation B4,we obtain:

,T - 300 (.35)(1- CI) - lo5 (.63) - 660c

Assume, for the moment, that the junction temperature will be able to rise
to an. absolute maximum allowable junction temperature of 175*C. The initial
temperature of the junction must be no greater than:

-j Tj ma -AT (B5)

or, in our case:

Tj = 1750- 660= 109*C

Since the sink, ignoring the very small 9 from c-as +.. sink, ma rise
to no more than 1090C in an ambient of 85*C under steady-state conditions,
we can find the maximum allowable sink 0 with a variation of Ohm's Law:

T = PQ SA (B6)

where P is equivalent to current and T is equivalent to voltage. Therefore:

T - 109 - 85"c - PeSA - 24"C

The trip out point on a typical device would be at a minimum of RCS - .06
ohms to alloy for the rise in RCS WLth temperature, so from equation B2:
T : 1.1 (lO)'(.06) + .075 (10) = 7.35 watts. So 7.35 9 SA - 240C, or GSA
- approximately 3.2 OC/W. Allowing .1 0C/W for the thermal impedance of the
transistor case to heat sink joint, we have 9 SA = 3.10 C/W.

It would seem reasonable to keep the actual thermal
impedance of the sink as low as possible, consistent with space and weight.
Commercial sinks of very reasonable size and weight are obtainable in this
range of 0 SA.

2. External Heat Sink

External sinks will be considered to be in the form of
thin metal plates on which multiple contacts are mounted, and the maximum
heat dissipation from all these contacts is small compared to the dissipating
capabilities of the plate, or in the form of installations where adequate
heat paths to structure exist to keep &T very small.
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a. Continuous Ratings

With the above assumptions, continuous ratings are
limited to a maximum value determined by the thermal resistance of the tran-
sistor, or AT - 7.35 (.35) - 2.66C per equation B5 for a typical 10 ampere
contact. Commercial convective sinks will allow about 8°C rise under the
above conditions, and it seems reasonable to assume that an external sink
would allow some improvement over integral sinking, so a 3 to 6°C maximum
rise in temperature at the connection to a transistor seems to be practically
attainable for a 10 ampere contact.

b. Pulse Ratings

No change in pulse ratings can be achieved with
sinks external to the case of the transistor with existing transiators other
than in the repetition rate. Attainable repetition rates being quite adequate,
no further consideration will be given to them.

(b) Non-current Limiting Power Contacts

The maximum continuous rating necessary is the only one
which need be considered, since any other rating will be lower and less
stringent. Therefore, considering the maximum allowable current at the
(by MIL-STD-704) maximum voltage across the contact, we have by equation B2
for the 2N2130 series:

P = 1.1 (900)(.067) + .075 (30) = 68.25 watts

Consulting the manufacturer's data sheets, we find that the maximum permissi-
ble sink temperature at this dissipation is approximately 1400C (see Figure
B5). Consulting the Delta-T model NC-441 data sheet, we find that a tempera-
ture differential of 140*- 850C will allow 100 watts to be dissipated by
natural convection (Figure BI), so we conclude reasonable designs are feasible.

(2) Silicon Controlled. Rectifier Contacts:

SCR's are most severely limited by their thermal fatigue ratings,
which limit the number of short term extreme temperature excursions of the
Junction to typically 100 to 500 times per contact lifetime. Fortunately,
design procedures which eliminate such excursions by either placing the SCR
in series with current limiting switches or by proportionally controlling the
"On" time of the SCR as a power limiting measure have been developed. Large
SCR switches pass through their active region in approximately one micro-
second.. Becauie the number of times it must switch, even when beirn used
for current limiting, is limited to 400 times per second, in 400 cycles per
second systems at currents which the power limiting circuitry will limit to
about 10 times rated current, it can be assumed that the power consumed by
the SCR during switching is:
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[

P sw 1/2 (nt)v m (B7)

(based on each power pulse generated by switching through the active region
being very close to the area of a triangle equal to 1/2 the area of the
rectangle Vmax Imax). This power will be negligible compared to the con-
tinuous power which is given by:

P W 1/2 VAIA

For example: Given a power contact in which IA =,l0 amperes, V(31= 1 volt,
Vmax = 300 volts, Imax 100 amperes, t - 1 x lO'seconds, n-- cycles
per second.

Power dissipated due to switching is:

pSW - 1/2 ("o0)(l x 0o-6) (300)(loo)

-. 6 watts

Continuous power dissipated is:

P = 1/2 (1)(10) - 5 watts

Total dissipated power is 5.6 watts

From thisj the preceding discussions on determining the maximum ratings
allowable in steady-state operations under the headings of "Int- Heat
Sink", "Current Limiting Contacts," "Transistor Power Contacts" are directly
applicable, except that the temperature allowable from sink to ambient will
be larger as no allowance need be made for power pulses. Therefore, the
sink can be much smaller.
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LIST OF SYMiOIS

RCS - Saturation Resistance of a Transistor

P - Power Consumed

I, - Collector Current

VCE - Voltage, Collector to Emitter

IB - Base Current

VBE - Voltage, Base to Emitter

S - Beta Used To Insure Good Saturation Characteristics
°C

Q - Thermal Resistance in -

OJC - Thermal Resistance From Junction To Case

CjC - Thermal Capacitance From Junction To Case in Watt Seconds
8C

"@SA Thermal Resistance From Sink To Ambient

Psw Power Consumed in Switching

VA - Average Voltage

IA = Average Current

n = Number of Operations per Second

T = Temperature

t = Time

Yt Transistor Thermal Time Constant

66



BIBLI.J OHf-

Hunter, "Handbook of Semiconductor Electrcnics," Second Edition, 1962

General Electric, "Rectifier Components Guide," 1961

International Rectifier Corporation, "The Controlled Rectifier," 1962

67



c. Appendix C - Compatibility Chart for Electromechanical Components' vs.
Contactless Switching Concepts

The following compatibility chart lists the aircraft system charac-
teristics; gives the specification requirements of the characteristics
for conventional electromechanical relays, switches and circuit breakers
as applicable; and gives the present capability or realistic requirement where
specification requirements are nonexistent for contactless switching concepts
such as power contacts, logic and signal sources as applicable. This chart
will serve as a quick reference to show the compatibility of contactless
switching concepts with electromechanical components.
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d. Appendix D - Device Ch-c-rctcristics Charts for Signal Sources-,
Logic and Power Contacts

The following charts list some of the devices that are considered
capable of meeting the requirements for application to aircraft electrical
systems. These charts list only the device characteristics that are pertinent
to their application in contactless switching systems.
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The investigations conducted during Phase I of the Contactless SwitchingProgram :have determ 'ined the factors' that must be considered' i 'n the develop-
Ii ment of new or improved contactless' switching devices and assemnblies that

will meet aircraft electrical system requirements. These factors, such asvoltage ratings, ýcurrent rat'ings, thermal characteristic-st conitact drop..
noise, etc., have been enuierated and given absolute ýva4lues necessary to be
compatible with aircraft electrical systems requirements.

The development factors were determined by investigative engineering
Sstudies and wanyses which considered the present and anticipated aircraft
electrical systems requirements, the interpretation of these requirements in
Slight of contactless switching systems, and a compatibility analysis of
device and assembly characteristics determined feasible within the present
state-of-the-art in semiconductor development.

Investigations to establish the aircraft electrical system requirements
were conducted in the areas of generation, distribution, utilization and
control. These investigations of a review and interpretation of
MIL-STD-704,, MIL-E-508,, =I'-I-6061: Ithe F-8C (F8U-2) schematics and the
characteristics of typical utilization equifient.

Investigations to establish the contactless switching concept require-
merts were conducted in the areas of bus switching and protection, load
switching a~d protection., and control. These investigatione considered all
of the established aircraft electrical Sy requr nt in light of the
Scontactless switching system's advantages and limitations.

The investigations and analyses to determine the compatibility of de-
vices and assemblies with the established requirements considered the areas
of signal sources, control logic and power contacts. These investigations
included the consideration of devices that are feasible within the present
state-of-the-art ae .,ell as those that are presently available in production.
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The following specifications and standards were used' to establish
compatibility'requirements.

MIL-E-5 272

MIL-I-6181

MIL-W -5088

MIL-MP-202

MIL-8Th-704f
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